Cell-surface glycoproteins of 96 kDa (gp96) have been implicated in immunogenicity of methylcholan- 
Structural identification of tumor antigens that can elicit tumor rejection in the host of origin is the central aim oftumor immunology. In animal systems, the immunogenicity of such antigens can be monitored in vivo by tumor transplantation assays, and progress has been made in defining antigens that elicit transplantation immunity in several mouse and rat tumors (1) (2) (3) . In contrast, immunological analysis of human cancer is limited in the main to the study of humoral and cellular antitumor responses that can be demonstrated in vitro. Melanoma has been extensively studied in this regard and antibodies with apparent specificity for autologous melanoma cells have been found in a small proportion of patients with melanoma (4) . Specific T-cell responses to melanoma cells have also been reported by a number of laboratories using interleukin 2-dependent T-cell cloning (5) (6) (7) (8) (9) (10) . One of the serologically defined human tumor antigens has been partially characterized (11) , but identification of T-celldefined human melanoma antigens has remained elusive. Boon and his colleagues (12) have described an approach for identifying T-cell recognized epitopes on mouse tumors. This method, involving transfection and molecular cloning, shows much promise for the comparable analysis of human tumor antigens defined by T cells.
Immunogenicity of chemically induced sarcomas of inbred mice has received the greatest attention in experimental systems. These tumors elicit immunity to large challenges and display extensive diversity-i.e., each tumor in a given mouse strain appears to have its own individually distinct antigenicity. We have previously shown that 96-kDa cellsurface glycoproteins (gp96) derived from two antigenically distinct BALB/c mouse sarcomas (Meth A and CMS5) elicit resistance to tumor transplants; Meth A gp96 elicits resistance to Meth A but not CMS5, and CMS5 gp96 elicits resistance to CMS5 but not Meth A (13) . cDNA clones encoding gp96 from these chemically induced tumors and from mouse spleen have been isolated and sequenced (1, 14) . No structural changes have been detected in tumor-derived gp96. Rabbit antisera to murine gp96 detect cross-reactive gp96 molecules in human and rat tissues, indicating that gp96-related molecules are widely distributed and phylogenetically conserved (ref. 15 ; unpublished data). In the present study, the human counterpart of murine gp96 has been defined by cDNA and genomic cloning. ¶
MATERIALS AND METHODS
DNA and RNA Extraction: Southern and Northern Blot Analysis. Genomic DNA preparations from human tumor cell lines, total cellular RNA and poly(A)+ RNA isolation, and Northern and Southern blotting were performed as described (16) . RNA probes were prepared by T3 or T7 promoterdriven transcription in plasmid pT3-T7-18 or pT3-T7-19 (Life Technologies, Bethesda, MD).
cDNA Library Construction and Screening. The library LASTD2 was constructed from human teratocarcinoma cDNA in the vector Charon BS(-) (17) . DNA from positive clones was digested with the restriction enzyme Not I, heat inactivated, diluted 1:5 with water, and buffer (final concentrations, 50 mM Tris-HCl, pH 7.6/10 mM MgCl2/1 mM ATP/1 mM dithiothreitol/5% polyethylene glycol 8000) and 1 Weiss unit of T4 DNA ligase were added directly. Aliquots of this mixture were used to transform Escherichia coli strains LE392 or DH5a.
Sequencing. Sequencing was performed on small-scale preparations of plasmid DNA or on single-stranded DNA derived from R408 helper phage superinfection (18) of plasmid-bearing E. coli NM522 by dideoxynucleotide sequencing using modified T7 DNA polymerase or Thermus aquaticus DNA polymerase according to the manufacturers' instructions. In addition, a partial set of deletion subclones was 5659 constructed for sequencing from both the 5' and 3' ends of the clone by the Exo III/mung bean nuclease method (19) .
Primer-Extension Analysis. Primer-extension reactions using 40,000 cpm of end-labeled oligonucleotide were performed with yeast tRNA, total cytoplasmic human RNA, and poly(A)+ human RNA as described (16) .
RESULTS
Derivation and Characterization of gp96 cDNA Clones. Approximately 1,000,000 clones from cDNA library LASTD2 were probed with the murine gp96 cDNA probe Asex6. Nineteen positive phagemid clones were purified; two phagemids with the largest inserts were subcloned, yielding the plasmids pH48 and pH52. Fig. 1 is a composite derived from pH48 and pH52 and indicates an open reading frame encoding a potential 803-amino acid 92,450-Da protein with a predicted pI of 4.54. Hydropathicity analysis of pH48, averaging over a six-residue window (21) , demonstrates an 18-to 19-residue N-terminal hydrophobic region, presumably encoding a signal peptide. Methods predicting signal peptide cleavage (22) indicate that the two most likely sites for cleavage lie after the 17th and 21st residues. The human gp96 signal peptide is therefore provisionally defined as containing 21 amino acids, corresponding to the signal peptide cleavage site in mouse gp96 (14 Southern Blot Analysis of Human Genomic DNA with gp96 cDNA pH48. Human genomic DNA derived from tumor cell lines was digested with several restriction enzymes and probed with fragments derived from pH48. As shown in Fig. 2 , digests of DNA from neuroblastoma cell line LA-1-lSn with seven restriction enzymes yielded three or four hybridizing bands using 5' or 3' probes from pH48. Multiple hybridizing bands were also observed with genomic DNA derived from other human cell lines. These data suggest that there are three or four gp96-related genes per haploid human genome. Four tumorderived cell lines and two peripheral blood lymphocyte specimens were tested by Southern blot analysis; no gross differences in restriction pattern with seven restriction enzymes were observed with 5' and 3' pH48 probes.
Analysis of gp96 Transcription Start Site. Fig. 3 represents a primer-extension analysis of HeLa mRNA with an antisense oligonucleotide (nt 58-93 of the sequence in Fig. 1 ). T TAGAGAGAAG TCG GAAAAG TT TGCCTTC CAAG CCGAAGTTAAC AGAATGAT GAAAC TTATCATCAAT TCATTGTATAAAAATAAAGAGAT TT TCCTGAGAGAAC TGATTTCAAATGCTTCTGATGCTTTAGATAAGATA 450 [100]
AGG CTAATATCAC TGAC TGATGAAAATGC TC TTTC TGGAAATGAG GAAC TAACAG TCAAAATTAAG TGTGATAAGGAGAAGAAC CTG CTGCATG TCACAGACAC C GGTG TAG GAATGAC CAGAGAAGAGTTG GTTAAAAAC CTTG GTAC C 60 0
(150] The major visible band indicates that the mature mRNA is initiated 57 bp from the primer 3' terminus. This places the start of transcription 12 bp upstream of the first base of the cDNA clone pH48. The sequence of this region was determined by analysis of a genomic clone pR8, discussed below, which represents the 5' end of the coding gp96 gene.
Sequencing of gp96 Genomic Clone pR8. Genomic clones hybridizing to a probe for the 5' end of pH48 were isolated from a peripheral blood lymphocyte DNA library. One genomic clone was digested with EcoRI and subcloned into pBluescriptII KS(-). Subclone pR8 contained the 5' coding region of pH48 and its sequence was determined by using the oligonucleotide (nt 58-93) used for primer extension. One CCAAT box (nt -195) , five inverted CCAAT boxes (nt -300, -220, -141, -107, and -76), and one consensus Ap2 site (nt -442) (Fig. 4) DISCUSSION Several gp96-related genes have now been found in both mice and humans. Short probes derived from different regions of human gp96 cDNA hybridize with as many as four bands on Southern bands of human genomic DNA digested with a number of restriction enzymes, and human gp96 genes map to at least two different chromosomes (unpublished data). gp96 cDNA clones derived from a human tumor have been used to analyze one of these genes and its associated transcript.
Organization of the 5'-regulatory region of human gp96 provides some clues to the apparently constitutive nature of gp96 expression. Housekeeping genes are generally associated with unmethylated CpG islands encompassing the site of transcription initiation. CpG islands can be activated regardless of their site of methylation by some transcription factors (e.g., Spl; ref. 31) and lack ofCpG methylation is presumably maintained by binding of such factors. The 5'-regulatory region and exon 1 of human gp96 represent a CpG island containing six Spl binding sites. The atypical TATA box of human gp96 and heterogeneity of transcription initiation as determined by primer extension are common features in other housekeeping genes (25, 26) . The 5' upstream region contains several other consensus transcriptional factor binding sites, including a CCAAT box, five inverted CCAAT boxes, and one Ap2 site; the CCAAT box is not generally observed in promoters of constitutively expressed genes. Structure and function of a similar promoter (human grp94) have been demonstrated by Chang et al. (29) .
The longest open reading frame of the human gp96 transcript contains a 5' signal peptide-encoding region and five potential N-linked glycosylation sites. At the 3' end of the coding region, a sequence encoding the tetrapeptide LysAsp-Glu-Leu (KDEL) is observed. This sequence has been found in proteins localized to the endoplasmic reticulum (32) (33) (34) . Murine ERp99, a protein that closely resembles gp96, also has a C-terminal KDEL sequence (30) and is a major component of the endoplasmic reticulum. Despite the presence of a C-terminal KDEL sequence, the presence of gp96 on the cell surface has been demonstrated by a number of criteria: (i) immunoprecipitation of gp96 from surface radioiodinated tumor cells; (ii) detection of gp96 on the cell surface by erythrocyte rosetting on live cells; and (iii) isolation of gp96 from purified plasma membranes (13) . Presumably, a fraction ofgp96 makes its way to the cell surface either through the continuity of endoplasmic reticulum membrane with the plasma membrane or by a specific mechanism that modulates the influence of the KDEL sequence. Some normally secreted proteins-e.g., rat growth hormone and a subunit of chorionic gonadotropin-are not retained in the endoplasmic reticulum in spite of the addition of a C-terminal KDEL sequence, supporting the notion that KDELmediated endoplasmic reticular retention of gp96 is not absolute (35) .
The 5' untranslated, coding, and 3' untranslated regions of murine and human gp96, grp94 (29) , mouse ERp99/ endoplasmin (30) , and chicken hsplO8 (27) show a high degree of homology. These observations indicate that gp96, grp94, and ERp99 are identical or belong to an extended family of closely related molecules. The sequence of the human grp94 promoter has been published (29) and is identical to the sequence of the human gp% promoter region except for differences in 11 G and C residues, indicating that gp96 and grp94 are either distinct genes or alleles of the same gene. The complete sequence of the coding region of human grp94 has not been published; hence, the precise degree of homology between this gene and gp96 is not known. A cDNA clone for a human hsplO8, a glycoprotein biochemically indistinguishable from grp94, has recently been reported (36 (37, 38) . In most cases, origin of the immunogenic stimulus has not been defined: is the immune response elicited by stress proteins of the infectious agent or the host? Because of the highly conserved nature of stress proteins (39), this is not an easy question to answer. Another unresolved issue is the role of stress proteins in disease development: is the immunity to stress proteins protective, injurious, or merely a by-product of the host immune response to disease? These questions are also relevant to finding antibodies and/or T cells to stress proteins in patients with immune diseases such as rheumatoid arthritis (37, 38) .
With regard to immune response to cancer, the work of Ullrich et al. (40) raised the possibility that heat shock proteins may be recognized as tumor antigens eliciting protective immunity. These investigators isolated 84/86-kDa molecules from chemically induced tumors that induce specific resistance to tumor challenge. The p84/86 antigens belong to the hsp90 family (28, 40) , rather than the hsplO0 family as in the case of gp96 molecules (this paper). In addition, immunity against murine melanomas (41) and a rat histiocytoma (G. Deshpandd and A. Khar, personal communication) can be elicited by serum albumin-like proteins; while albumin is expressed constitutively in adult life, it is inducible by heat shock in fetal tissues (42) . Furthermore, immunogenicity of Ha-ras-transfected fetal rat fibroblasts has been correlated with the presence on the cell surface of a hsp70-related protein (43) .
A key question is whether gp96 and these other stress protein-related antigens are tumor antigens per se or whether they serve as carriers for other immunogenic moieties. If, in fact, the tumor-specific immunogenicity of gp96 and p84/86 resides in the primary structure, then point mutations, deletions, or insertions could account for the extensive diversity of chemically induced tumors. Consequent changes in the encoded gp96 polypeptide could be recognized as antigenic determinants following normal antigen presentation pathways. If, on the other hand, gp96 or other stress proteins serve as carriers or presenting molecules for other immunogenic moieties, the association of peptides with class I and class II antigens of the major histocompatibility complex is a clear precedent (44) (45) (46) . The 
